Genetic factors have been shown to play an important role in determining interindividual variation in plasma HDL-C levels, but the specific genetic determinants of HDL cholesterol (HDL-C) levels have not been elucidated. In this study, the effects of variation in the genomic regions encoding hepatic lipase, apolipoprotein AI/CIII/AIV, and the cholesteryl ester transfer protein on plasma HDL-C levels were examined in 73 normotriglyceridemic, Caucasian nuclear families. Genetic factors accounted for 56.5±13% of the interindividual variation in plasma HDL-C levels. For each candidate gene, adjusted plasma HDL-C levels of sibling pairs who shared zero, one, or two parental alleles identicalby-descent were compared using sibling-pair linkage analysis. Allelic variation in the genes encoding hepatic lipase and apolipoprotein AI/CIII/AIV accounted for 25 and 22%, respectively, of the total interindividual variation in plasma HDL-C levels. In contrast, none of the variation in plasma HDL-C levels could be accounted for by allelic variation in the cholesteryl ester transfer protein. These findings indicate that a major fraction of the genetically determined variation in plasma HDL-C levels is conferred by allelic variation at the hepatic lipase and the apolipoprotein AI/CIIH/AIV gene loci. (J. Clin.
Introduction
Epidemiologic studies have provided strong evidence for an inverse relationship between plasma high density lipoprotein cholesterol (HDL-C) ' levels and coronary heart disease (CHD) (1) . Population-based studies have revealed that low HDL-C levels are a powerful risk factor for CHD (2) (3) (4) , and several clinical trials have noted that increasing plasma levels of HDL-C are correlated with a reduction in CHD risk (5, 6) . These findings have stimulated extensive investigation into the determinants of plasma HDL-C levels.
Plasma HDL-C levels are clearly modulated by environmental variables such as obesity (7, 8) , exercise (9) , and smoking (10, 11) . Genetic factors also have a significant role. Data from family and twin studies indicate that genetic variation probably accounts for between 40 and 60% of the total variation in plasma HDL-C levels (12, 13) . Since plasma HDL-C levels do not segregate as a mendelian trait in most families, the specific genes that determine plasma HDL-C levels cannot be identified using classical methods of segregation analysis. Analyses of the genetic architecture of plasma HDL-C levels have therefore used biometrical methods for which genotype data are not required (14) . Evidence for major gene effects on HDL-C levels have been found in some of these studies ( 15 ) , but not in others ( 14, 16) . Therefore it is not clear whether a single gene (major gene), a few genes (oligogenes), or many genes (polygenes) account for the interindividual variation of plasma HDL-C levels. Other investigators have performed association studies to test for linkage disequilibrium between HDL-C levels and various DNA polymorphisms (17) . Several associations between plasma HDL-C levels and DNA polymorphisms in genes involved in HDL metabolism have been reported (18, 19) , but the associations observed have generally been weak, and often inconsistent from one study to another. Accordingly, elucidation of the specific genetic determinants of plasma HDL-C levels in humans has been very limited.
A promising approach to the genetic analysis of quantitative traits was developed by Haseman and Elston (20) . The method uses data from sibling pairs to determine the effect of variation in a candidate gene on interindividual variation in a trait. If allelic variation in a candidate gene is associated with variation in a trait, then trait levels should be more similar in siblings sharing two identical alleles of the candidate gene than in siblings sharing neither allele. Conversely, if variation in a candidate gene does not influence a trait, then concordance for trait levels among siblings should be independent of the number of alleles of the candidate gene they share. This approach offers two major advantages. First, no a priori assumptions are made conceming the mode of inheritance of the trait, therefore information regarding allele frequencies or the phenotypes associated with specific alleles of the candidate gene is not required. Second, the segregation of candidate genes in a nuclear family can usually be unambiguously determined using polymorphisms in or near the candidate gene. Since the fidelity of DNA transmission from parents to their offspring is very high, genotype data can be used to define alleles by descent. By using genetic markers in or near any given candidate gene, the proportion of variance of any trait that is attributable to sequence variation in the genetic marker was available. They used the highly informative length polymorphism at the apolipoprotein(a) locus to distinguish parental alleles in 40 nuclear families, and found that allelic variation in or near the apolipoprotein (a) gene accounted for 90% of the variation in plasma lipoprotein(a) levels (21).
The Haseman-Elston procedure has been used to investigate the genetic determinants of HDL-C in a large pedigree with excess coronary heart disease, but the results were limited by the low information content of polymorphisms at the candidate loci (22) . In this report we have used the Haseman-Elston sibling-pair method to examine the effects of genetic variation at three candidate loci, those encoding hepatic lipase, apolipoprotein AI/CIII/AIV, and the cholesteryl ester transfer protein (CETP), on variation in plasma HDL-C levels. These genes were considered to be good candidates because mutations that abolish their function cause significant changes in plasma HDL-C levels (23) (24) (25) , and normal physiological variation in hepatic lipase activity (26) and plasma apolipoprotein Al levels (27) are strongly correlated with plasma concentrations of HDL-C. To control for spurious correlations between HDL-C values and candidate genes we also determined the contribution of a physiologically unrelated gene, apolipoprotein(a). Our findings indicate that a major fraction of the variation in the plasma HDL-C levels of normotriglyceridemic individuals is determined by allelic variation in the genes encoding hepatic lipase and apolipoprotein AI/CIII/AIV.
Methods

Subjects
The study protocol was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center at Dallas. Caucasian American families in which both parents and three or more children were available for sampling were recruited by advertisements in newspapers, churches, and health centers. Fasting blood samples were drawn into 10 ml vacuum tubes containing sodium EDTA. Plasma was separated by centrifugation and stored at 4°C until analysis. Genomic DNA was isolated from the white blood cell pellet using an automated DNA extractor (Applied Biosystems, Foster City, CA). All available family members were sampled, but individuals who were taking lipid-lowering drugs or hormones were excluded from the analyses. Since high plasma triglyceride concentrations are strongly associated with low HDL-C levels, individuals with plasma triglyceride concentrations > 200 mg/ dl were excluded from the analysis.
Assay ofplasma lipids
Plasma cholesterol and triglyceride concentrations were determined in duplicate by enzymatic assay using commercial reagents (Cholesterol/ HP; Boehringer Mannheim Biochemicals, Indianapolis, IN, and Triglycerides GPO-TRINDER; Sigma Chemical Co., St. Louis, MO). HDL-C was measured in the supernatant after precipitation of apolipoprotein B-containing lipoproteins with sodium phosphotungstate (28) . Samples from all individuals in a family were analyzed in the same assay. Intraassay variation was < 3% for plasma cholesterol and triglyceride, and < 5% for plasma HDL-C.
Analysis of the hepatic lipase, apolipoprotein AI/CIIII AIV, and CETP genes For each candidate gene, the four parental alleles of each nuclear family were distinguished using single-strand conformation polymorphisms and microsatellite polymorphisms published previously (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . Microsatellite polymorphisms located within 5 centiMorgans of the candidate genes were identified from high resolution linkage maps of the human genome (31, 33). In addition, we identified three new single-strand transforming each observation y to a z-score; z = (y -A)/cr where ,u and a are sex-and age-specific population parameters taken from Heiss et al. (41) . To determine whether the adjustment procedure led to spurious results, additional analyses were performed after regression adjustment of HDL-C for age and sex. Plasma HDL-C levels were inversely related to plasma triglyceride levels, therefore the data were also analyzed after regression adjustment of HDL-C for age, sex, and triglyceride levels.
(b) Heritability estimation. The heritability index of plasma HDL-C levels in our sample was estimated by regressing the average of the offspring plasma HDL-C values on the mid-parent values using weighted least squares. Weights to adjust for unequal family sizes were calculated as suggested by Falconer (42) , with an unweighted least squares estimate used as the initial estimate of heritability in the weights.
(c) Estimation of variance components. The observed variation in plasma HDL-C levels that could be accounted for by each candidate gene was estimated using a sib-pair regression procedure developed by Haseman and Elston (20) and recently discussed by Boerwinkle et al. (21) . Briefly, the trait value x of an individual is modeled as an additive combination of genetic and environmental effects
where . is an overall mean, g represents the effect due to a given candidate gene, and e denotes the residual environmental and additional polygenic factors that influence the trait. If xi (i = 1,2) denotes the trait , value of the ih sib in a sib pair, the procedure regresses the squared sib-D pair differences (x, -x2)2 on the proportion 7r of trait alleles the sib a pair shares identical-by-descent. The expectation, conditional on 7r, of ; where a' is the variance attributable to polymorphism at the candidate gene locus g and C2 is the variance attributable to sib-pair residual differences, i.e., C2 = var(e, -e2). Assuming a common variance 2for the individual residual effects ei, a 2 = 2o2 -2cov(el, e2). The covariance term in this equation includes sibling covariance due to additional trait loci, polygenes, and shared environment. Correlations between siblings indicate that these factors did not contribute an appreciable fraction of the variance in HDL-C this sample. Therefore the covariance term in a,2 was set to 0 in this analysis. Under these assumptions it follows that ao2 = 2a 2 (4) The contribution by g to the interindividual variation in the quantitative trait x is denoted by h2 and is defined as
Estimates of the variance components u-and o2 are obtained by fitting the regression model (2) by least squares and solving for these components in the system of equations given in (3) and (4) . An approximate standard error for the estimated variance contribution for each candidate gene was calculated by the method of statistical differentials, usually referred to as the delta method (43) . This calculation requires the covariance matrix of the regression parameter estimates and an approximating standard error formula for the ratio of two parameter estimates.
Least squares was used to fit regression model (2) . Since least squares estimates are very sensitive to outliers, such points were identified, removed, and the variance contribution was recalculated for the remaining data. Potentially outlying points were identified as those pairs (xI, x2) which significantly influenced the parameter estimates as determined by DFBETA residual diagnostics (44 (Fig. 1) . The four parental alleles of the genes encoding hepatic lipase, apolipoprotein AI/CIII/AIV, and CETP were unambiguously resolved in 71, 71, and 69 families, respectively (Table  III) . Sibling-pair differences in plasma HDL-C levels clearly decreased with increasing proportion of alleles shared identicalby-descent for hepatic lipase (Fig. 2) and apolipoprotein Al/ CIII/AIV (Fig. 3) , and regression analysis based on all pairs indicated that allelic variation in the genomic regions encoding hepatic lipase and apolipoprotein AI/CIII/AIV accounted for a substantial fraction of the variation in plasma HDL-C levels (Table III) . In contrast, the sibling-pair differences in plasma HDL-C levels did not decrease with increasing proportion of CETP (Fig. 4) or apolipoprotein(a) alleles (Fig. 5) shared identical-by-descent. None of the variance in plasma HDL-C levels was attributable to allelic variation in these genes (Table III) . Several additional analyses were conducted to investigate the possibility of spurious results due to statistical artifact. Plasma HDL-C levels were adjusted for the effects of age and sex by a z-score transformation before analysis. To determine the effects of the adjustment procedure, the data were also analyzed after adjustment of HDL-C levels for the effects of age and sex using multiple linear regression, rather than the z-score method. The variance estimates calculated for regression adjusted HDL-C values were very similar to those calculated for z-score-adjusted HDL-C values (Table III) , indicating that the results were not an artifact of the specific adjustment procedure.
The least squares estimates used in the Haseman-Elston procedure are sensitive to outliers. Points that may have significantly influenced the regression parameter estimates were identified using the DFBETA method. The data were then reanalyzed after exclusion of 11 individuals found to influence the hepatic lipase and apolipoprotein AI/CIII/AIV estimates, and 11 individuals found to influence the CETP estimate. Exclusion of the influential points did not significantly affect the variance estimates (Table III) , indicating that these estimates are not an artifact of outliers. The precision of the variance estimates was assessed using standard errors. Treating all sib-pair differences as uncorrelated observations we have determined standard error estimates of 18, 18, and 24% for hepatic lipase, apolipoprotein Al/Clll/ AIV, and CETP, respectively, using the delta method. As our data comprise nuclear families with sibship sizes of at least three, all individuals are represented in at least two pairs. Therefore the assumption of independent sib pairs made by Haseman and Elston (20) is not met and a degree of statistical efficiency in the error estimation is lost. Theoretically, more accurate error estimates can be determined using generalized least squares as discussed by Blackwelder and Elston (45) , but generalized least squares analysis of our data (not shown), taking into account the correlations among sib pairs within sibships, indicated that the generalized least squares point estimates h 2, and associated standard errors, are extremely sensitive to outliers and to the method of estimating the necessary covariance matrix. Given these considerations, the standard errors reported here provide only preliminary estimates of precision.
The inverse relationship between plasma HDL-C and plasma triglyceride levels was clearly evident in our sample. The effects of this association on the estimates of h2 were examined by analyzing regression adjusted HDL-C for the effects of age, sex, and plasma triglyceride levels. The systematic effects of plasma triglycerides did not significantly affect the proportion of variation in HDL-C levels that could be accounted for by allelic variation in hepatic lipase (19%), apolipoprotein AI/CIII/AIV (24%), or CETP (0%).
The combined effects of variation in hepatic lipase and apolipoprotein AI/CIII/AIV were examined by estimating the in- trapair correlation of HDL-C levels in sibling pairs sharing both hepatic lipase alleles and both apolipoprotein AI/CIII/ AIV alleles identical-by-descent, and in siblings pairs sharing no alleles at either locus (Fig. 6) . A strong positive correlation (r = 0.58, P = 0.002) was observed for siblings concordant for both alleles of both genes. No correlation (r = -0.03, P = 0.9) was observed for siblings sharing no alleles at either locus. The combined effects of variation at the hepatic lipase and apolipoprotein AI/CIII/AIV loci were also examined graphically. The distributions of squared sib-pair differences of adjusted HDL-C levels among siblings sharing both hepatic lipase and both apolipoprotein AI/CIII/AIV alleles identicalby-descent and among siblings sharing no alleles of these genes identical-by-descent were plotted (Fig. 7) . The disparity in the distribution of squared sib-pair differences of HDL-C levels of siblings sharing no alleles versus siblings sharing identical alleles was clearly greater for hepatic lipase and apolipoprotein AI/CIII/AIV together than for either locus alone.
Discussion
According to current models of HDL metabolism, interindividual variation in plasma HDL-C levels is due to both environmental factors and allelic variation at several genetic loci. The number of genes involved and the fraction of the variance in HDL-C attributable to each is not known. In this study, we examined the effects of allelic variation in the genomic regions encoding hepatic lipase, apolipoprotein AI/CIII/AIV, and CETP on variation in the plasma HDL-C levels of normolipidemic individuals by comparing HDL-C levels of sibling pairs sharing different numbers of alleles identical-by-descent. Genetic variation accounted for a total of 56.5% of the variation in plasma HDL-C levels in this sample. This value is in good agreement with heritability indices for HDL-C levels derived from several family and twin studies ( 12, 13) . The novel finding of our study is that a major fraction of the genetically determined variation in plasma HDL-C levels can be accounted for by allelic variation in hepatic lipase and the apolipoprotein Al/ CIII/AIV gene cluster. Hepatic lipase is a lipolytic enzyme that hydrolyses lipoprotein triglyceride and phospholipid (46) . A study of monozygotic twins suggested that hepatic lipase activity is strongly influenced by genetic factors (47) , but the relationship between genetic variation in hepatic lipase and plasma HDL-C levels has not been determined previously. In the present study, allelic variation in the genomic region encoding hepatic lipase accounted for 25% of the variance in plasma HDL-C levels. Adjustment for plasma triglyceride levels did not significantly affect this estimate, indicating that the association is not secondary to hepatic lipase-mediated variation in plasma triglyceride levels. The association between plasma HDL-C levels and allelic variation in the genomic region encoding hepatic lipase suggests that variation in the hepatic lipase gene causes interindividual variation in hepatic lipase activity, and consequently interindividual variation in plasma HDL-C levels. This hypothesis is consistent with the strong negative correlation between plasma HDL-C levels and hepatic lipase activity that has been reported in several studies (26, 48, 49) .
Since hepatic lipase activity was not measured in this study, we can only speculate about the physiologic mechanisms underlying the association observed between plasma HDL-C levels and allelic variation in hepatic lipase. The association was not due to outliers, therefore functionally distinct hepatic lipase alleles must be common in the population. The possible phenotypic consequences of alleles that confer low hepatic lipase activity should be most evident in families segregating mutations that abolish hepatic lipase activity entirely, since these mutations can be considered an extreme form of allelic variation. Unfortunately, in the few kindreds that have been described in detail, interpretation of the effects of the hepatic lipase mutation on plasma HDL-C levels is confounded by the presence of other monogenic disorders of lipoprotein metabolism (50), or by the fact that hepatic lipase activities range from almost zero to near normal levels in individuals who are obligate heterozygotes for a mutant hepatic lipase allele (51) . Thus the effect on HDL-C levels of hepatic lipase alleles that confer low hepatic lipase activity is unclear.
Alleles that confer increased hepatic lipase activity may also be present in the population. Although such alleles have not been reported, Blades et al. (52) found that mean postheparin plasma hepatic lipase activity was 25% higher in men who had low HDL-C levels in the absence of hypertriglyceridemia than in men with normal HDL-C. Therefore alleles that confer high hepatic lipase activity may be systematically associated with low plasma HDL-C levels.
The genes encoding apolipoproteins Al, CIII, and AIV are located in a cluster spanning -20 kb on the long arm of chromosome 11 (53 ) . Several studies have investigated the relationship between polymorphisms in the apolipoprotein AI/CHI/ AIV gene cluster and plasma HDL-C levels (18, 19) , but the cumulative effect of allelic variation in these genes on HDL-C levels in the population has not been determined. In this study, allelic variation in the genomic region containing the apolipoprotein AI/CIII/AIV gene cluster accounted for 22% of the variance in plasma HDL-C levels. Since these genes are so closely linked, it was not possible to determine their individual contributions to the inter-individual variation in HDL-C levels.
Apolipoprotein AI is the major protein component of HDL, and plasma levels of apolipoprotein Al and HDL-C are strongly correlated (27) . The association between HDL-C levels and allelic variation in the genomic region encoding apolipoprotein AI/CIII/AIV may be due to common, functionally distinct apolipoprotein Al alleles that are associated with different plasma levels of HDL-C. Alleles bearing point mutations that abolish apolipoprotein Al gene expression are associated with low HDL-C levels (24, 54). Individuals homozygous for such mutations have little or no plasma HDL-C, while heterozygotes have HDL-C levels that are approximately half those of their unaffected siblings. The observation that a 50% decrease in apolipoprotein Al gene function (corresponding to the loss of one allele) results in a marked decrease in HDL-C suggests that alleles that confer a moderate decrease in apolipoprotein Al expression will be associated with a moderate decrease in HDL-C levels.
The physiological functions of apolipoprotein CIII and apolipoprotein AIV are not fully understood, and the effects of allelic variation in these genes on plasma HDL-C levels is difficult to predict. Association studies have indicated a relationship between apolipoprotein CIII polymorphisms and plasma triglyceride levels (55, 56), and it is possible that the effects of allelic variation in this genomic region observed in the present study are secondary to variation in plasma triglycerides levels. The confounding effects of triglyceride levels on variation in HDL-C were accommodated in two ways. First, we excluded a priori 13 offspring with plasma triglyceride levels > 200 mg/dl, thereby limiting the study to normotriglyceridemic individuals. Second, we adjusted the HDL-C values of the remaining offspring for the effects of triglyceride concentration. If variation in HDL-C that is apparently attributable to a candidate locus is actually secondary to variation in plasma triglyceride levels, then this adjustment should decrease the proportion of the variance in HDL-C that is attributable to the candidate gene. Adjustment of HDL-C for plasma triglyceride levels did not affect the estimates of variation in HDL-C due to apolipoprotein AI/CIH/ AIV. Therefore the effect of variation in these genes on HDL-C levels is not secondary to variation in plasma triglyceride levels. It is also possible that allelic variation in apolipoprotein CIII may have effects on plasma HDL-C levels that are independent of plasma triglyceride concentration. von Eckardstein et al. (57) described a mutation in the apolipoprotein CIII gene that is associated with very low levels of apolipoprotein CIH (-50% of normal), very high HDL-C (> 99 percentile), and unremarkable triglyceride levels in two heterozygous women (a mother and her daughter). Apolipoprotein CIII alleles that confer moderately decreased plasma levels of apolipoprotein CIII may therefore increase HDL-C levels in normotriglyceridemic individuals in the general population.
The CETP catalyzes the exchange of cholesteryl esters and triglycerides among lipoproteins (58) . A major role for CETP in HDL metabolism is indicated by the markedly elevated plasma HDL-C levels in individuals with CETP deficiency (25) , but measurements of plasma CETP activity show little or no correlation with plasma HDL-C levels in normolipidemic individuals (59, 60) . In this study, variation in the CETP gene did not account for any of the variance in plasma HDL-C levels. Therefore allelic variation in the gene encoding CETP does not appear to be a significant cause of variation in HDL-C levels in our sample.
To determine whether genes unrelated to HDL-C metabolism would show spurious correlation with plasma HDL-C levels in this analysis, we examined the effects of polymorphism in the apolipoprotein(a) gene on variation in plasma HDL-C levels. Apolipoprotein (a) appears to be metabolically unrelated to plasma HDL, therefore allelic variation in the apolipoprotein(a) gene should not influence plasma HDL-C levels. In this study all four parental apolipoprotein(a) alleles were distinguished in 48 families. The Haseman-Elston regression procedure indicated that none of the variation in plasma HDL-C levels was attributable to polymorphism in the apolipoprotein (a) gene. The analysis of apolipoprotein (a) serves as a negative control in this study, suggesting that the results obtained for the candidate genes are not simply the fortuitous result of sampling error or statistical artifact.
An important question that remains to be answered is the extent of the interaction between hepatic lipase and apolipoprotein AI/CIII/AIV. Current analytical methods do not provide simultaneous estimates of the phenotypic effect of variation at several loci, therefore the cumulative effects of allelic variation in hepatic lipase and apolipoprotein AI/CIII/AIV could not be directly determined. We have examined this question qualitatively by plotting the squared sib-pair differences of HDL-C levels among sibs sharing both hepatic lipase and both apolipoprotein AI/CIII/AIV alleles identical by descent (Fig. 7) . The disparity in the distributions of squared sib-pair differences of HDL-C levels among sibs sharing different proportions of alleles identical by descent was clearly greater for hepatic lipase and apolipoprotein AI/CIII/AIV considered together than for either locus alone. This observation suggests that the variance in HDL-C levels attributable to combined effects of these two loci is greater than the fraction contributed by either locus alone.
The biological interpretation of quantitative genetic data may be strongly influenced by the type of statistical analysis applied (61) . In this study we used the sibling-pair method of Haseman and Elston (20) because the procedure is based on simple genetic and statistical assumptions. Additional analyses were performed to exclude the possibility that our results are an artifact of the adjustment procedure, the presence of outliers, or covariates such as age, sex, and plasma triglyceride levels. In addition, the results of the Haseman-Elston analysis were corroborated using the following reasoning: if allelic variation in the genomic regions encoding hepatic lipase and apolipoprotein AI/CIII/AIV accounts for the major fraction of the genetically determined variation in plasma HDL-C levels, then HDL-C levels should be strongly correlated in siblings sharing two identical alleles at both of these loci. The correlation between siblings with different alleles of both genes should be much weaker. Altematively, if the heritable component of plasma HDL-C levels is due primarily to polygenic and cultural factors then intra-pair correlations should be similar irrespective of the inheritance of hepatic lipase and apolipoprotein AI/CIII/AIV alleles. In the present data set, plasma HDL-C levels were strongly correlated (r = 0.58, P = 0.002) between siblings sharing both alleles of hepatic lipase and apolipoprotein Al/ CIII/AIV identical by descent, but not between siblings sharing no alleles of either gene (r = -0.03, P = 0.9). Taken together, these correlations indicate that allelic variation in hepatic lipase and apolipoprotein AI/CIII/AIV account for a major fraction of the genetically determined variation in HDL-C levels, and that factors such as polygenes and shared environment are much less important.
In summary, we have examined the genetic determinants of plasma HDL-C levels in normolipidemic humans. Our data indicate that -50% of the variation in HDL-C levels can be accounted for by genetic factors. A major fraction of the genetically determined variation is conferred by allelic variation in the genomic regions encoding hepatic lipase and apolipoprotein AI/CIII/AIV. Interindividual variation in traits such as HDL-C, which are clearly influenced by genetic factors but are continuous and approximately normally distributed in the population, have traditionally been considered to reflect slight functional variations in numerous genes. The results of this study indicate that genetic variation in HDL-C levels is determined largely by variation in two genomic regions. These findings suggest that interindividual variation in some traits traditionally considered to be polygenic may be due primarily to functional variation in a few key genes, rather than to the aggregate effect of subtle variations in a large number of genes.
